Laser machining of structural ceramics is increasingly gaining acceptance as an alternative to traditional machining methods. However, despite the great promise of lasers for a variety of cutting and drilling procedures, premature fractures and prohibitively low cutting-speeds are still amongst the greatest obstacles encountered, particularly when thick cross-sections are involved.
can also impact component reliability in hard to predict ways. While the implementation of lasers for processing ceramics is by no means a new concept, the practice has not yet been fully explored or utilized. This is somewhat surprising given the low force signature and overall cost effectiveness of lasers 5 . To a large degree, the underutilization of lasers is due to their thermal nature which may result in unwanted thermal-shock damage that can become particularly acute when thicker sections are cut. As a result, laser cutting of thermally-thick ceramics remains somewhat of an "art" and is therefore highly operator, material, and component dependent.
In terms of research on cutting practices for thicker-sections, it has been shown that multi-pass CO 2 laser cutting could be used without deteriorating the quality of the surfaces 6-8 . Since this practice relied on partial cuts during each pass, the thermal input and ensuing temperature buildup was kept to a minimum. Not unexpectedly, the resulting stresses were much lower than if a single laser was used to slowly cut through the material. However, this method had a major drawback in that it significantly decreased the speed of the process.
Another innovative practice involved the use of two, simultaneous laser-sources (one defocused so as to only heat the surface) to control the thermal gradients and cooling rates to eliminate unwanted crack formation 9,10 . The principal idea behind this method was to reduce the severity of the thermal gradients by increasing the overall temperature in the vicinity of the laser. While certainly an intriguing idea, it was found during numerical simulations that the thermal gradients associated with cutting and drilling were usually so severe that the thermal stresses were relatively unaffected by the addition heat added by the unfocused second-beam.
In another interesting series of studies [11] [12] [13] , researchers developed the method of "controlled separation or fracture" to help cut thick substrates. In these studies, lasers operating below the melting/ablation thresholds were used to generate thermal-stresses and induce a relatively clean fracture in the material. Interestingly, the resulting thermal-stresses consistently induced cracks that trailed the laser. Unfortunately, the fracture path could not always be completely controlled without a sophisticated on-line crack detection system and the newly generated surfaces often required secondary finishing operations.
To help avoid/control premature fractures during unsupported laser machining, a new twist to the dual-beam approach has been recently developed [14] [15] [16] [17] . Unlike the other approaches discussed, this new method used a lower power CO 2 beam to simultaneously score the surface ahead of the cutting laser in order dictate the path of the crack once fracture ensued. By preordaining the fracture path as conceptually and experimentally shown in Figure 1 , the prescore process was able to improve surface quality by controlling the mixed-mode fractures that often plagues unsupported cutting; increasingly deeper prescore grooves were shown to completely eliminate chips and produced higher quality cuts. Although not originally explored, there is no reason why a simultaneous and carefully placed prescore could not also be used to help cut thicker-sections by reducing the net heat input into the work-piece.
As demonstrated by the studies just mentioned, the utilization of a two-beam approach for stress management and fracture control has been investigated to a limited extent for both cutting and drilling. Unfortunately, none of the studies addressed the equally pressing need of improving throughput without macro-scale cracks that deviate from the cut path, especially when thicker sections are involved. Fortunately, the research on the use of simultaneous prescores has shown that both may in-fact, be possible. Given the importance of avoiding the large cracks just mentioned while increasing the overall speed of manufacturing, the research described herein focuses on a new use of the prescore to allow faster and damage-free machining of thicker sections.
Experimental Procedure
The principal goal of this study was to explore the use of the prescore concept shown in Figure 1 to achieve faster and damage-free cuts of thicker ceramic sections. In order to achieve this goal, a series of experiments were conducted using an industrially relevant CO 2 laser operating in pulsed mode with an average maximum output of 500W (1.5KW peak). Dual-beam output using a single source was achieved by using the customized beam delivery system shown in Figure 2 .
As shown by the illustration, the CO 2 laser beam was initially split with half of the power dumped to allow operation in a higher-output range. The remaining energy was split a second time, with the net output of the leading prescore-beam independently controlled through the use of a Brewster's attenuator. For both the leading prescore and cutting beams, the CO 2 laser was delivered to the specimen surface through a 63.5mm focal length lens. It should be noted that the attenuator system and added length to the prescore optics influenced the relative spot-size and effective power-densities between the cutting and prescore beams; based on acrylic drill experiments using a single pulse, the cutting beam exhibited a spot diameter of approximately 0.104mm while the scoring beam was estimated at 0.109mm. A computer-controlled table was used to move the alumina samples relative to the stationary laser heads. Finally, a 0.55MPa air jet exiting both nozzles was used to protect the optics and help remove ablated/melted materials from the prescore groove and cut.
Before a complete test matrix of the prescore method could be developed and subsequently evaluated, experiments were undertaken to understand the influence of various parameters for both single and dual-beam configurations. Initially, eight levels of duty cycle ranging from 35% to 58% were used to determine the maximum (baseline) feed-rate for a complete and fracturefree cut-through of 2.54 mm thick specimens using only the cutting or prescore beam. After determining the relationship between the power level and the maximum feed-rate for each beam of the system shown in Figure 2 , the next step was to determine the relationships between groove depth, power level, and feed-rate; by adjusting the duty-cycle and stage-controls, various grooves depths were created and eventually measured with a Scanning Electron Microscope (SEM). This step was very important because the groove depth was expected to be a key factor affecting the final cut quality and feed-rate. In fact, the earlier studies [14] [15] [16] [17] clearly showed that if the depth was of insufficient, the influence on the fracture path and final cut quality is minimal. Conversely, if the groove depth was too deep, fracture could occur prematurely and potentially lead to severe damage of the type shown in Fig. 3 .
Given the number of pertinent parameters involved such as feed rate, laser power, beam spacing, and the output requirements of a clean-cut without fractures deviating from the intended path, a relatively large number of calculations were required. In order to avoid this, a designed experiments approach (DOE) was used to develop a matrix of parameters sufficient to capture the potential variations relative to a single beam. Using the CARD statistical software package (S-MATRIX, Eureka CA), a face-centered central composite design was employed rather than a full factorial design in order to reduce the number of runs necessary without eliminating the ability to detect nonlinear and pairwise interactions. The resulting test matrix comprised of 17 experiments (with three repeats planned for each) is provided in Table 1 .
The material used in this study was AD-96 alumina (Coors Technical Ceramics, Golden, CO) with a density of 3.75g/cm 3 , an elastic modulus of 365GPa, a coefficient of linear thermal expansion of 6.3x10 -6 /°C for 25-200°C and 8.0 x10 -6 /°C for 500-1000°C, and a thermal conductivity of 26W/m°K at 20°C. For repeatability, all specimens were first laser-machined (single-beam) into the 152.4 x 25.4 x 2.54mm plates shown in Fig. 4 . In addition, all specimens were simply supported during the cutting process in order to avoid inducing mixed-mode fractures and related damage near the end of the cut.
Results and Discussion
Based on the various parameters and DOE test matrix just discussed, a series of laser grooving and cutting experiments were run. All tests were conducted with the beam normal to, and with the focal-point directly on, the top surface. In addition, all power levels were verified before machining tests by using PM500D and PM200 power meters (Coherent Laser Group, Santa Clara, CA). Fig. 5 shows the measured relationship between the maximum feed-rate and powerlevel required to cut through the specimen using a single beam (cutting or prescore). Not unexpectedly, the results indicate an increase of the allowable feed-rate corresponding to an increase of the power level; the highest possible feed-rate to completely cut-through the specimen without fracture was found to be 4.57 mm/s for the cutting beam and 3.05 mm/s for the scoring beam at a 58% duty cycle. The differences in the maximum feed-rate between the cutting and the prescoring beams for any given duty-cycle are most likely an artifact of the lower powerdensity of the prescore beam.
The experiments also investigated the influence of various power levels while fixing the duty cycle. Since the power and duty cycle are normally linked, these experiments were run using the prescoring beam where the power level could be independently adjusted using the attenuator system; the results of these tests are also shown in Figure 5 . Duty cycles and the resulting power levels were also varied to determine the maximum feed-rate possible for damage-free cutting,
i.e., without cracks deviating from the cutting path as shown in Figure 6 , As discussed earlier, the observed fractures are most likely the result of the heat build-up in the material that in-turn generates excessive thermal-stresses. Figure 7 compares the resulting data for both constant and variable duty-cycles. The relationships between feed-rate, power level, and groove depth are shown in Fig. 8 . As shown by the data, higher power levels and lower feed-rates are the optimal conditions for this method if deeper groove-depths are desired.
Based on the results of the single-beam experiments, the test matrix presented in Table 1 for simultaneous prescoring was then developed. With the spacing between the two beams initially held at 12.7mm and the prescore depth fixed at 10% of the thickness, it was found that the dualbeam technique could achieve a maximum feed-rate of 6.86mm/s and still completely cutthrough the plates without fractures deviating from the cutting path ( Figure 6 ). Comparison to the maximum single-beam feed-rate of 4.57 mm/s indicates that the dual-beam technique is much faster as conclusively shown in Fig. 9 . When the beam spacing was increased to 25.4mm
and the groove depth designated at a maximum of 20% of the thickness, fracture occurred before the end of prescoring process as shown in Fig. 10 . Interestingly, the fracture path remained palar and did not deviate from the prescoring path, thereby reinforcing earlier observations [14] [15] [16] [17] that even partial prescoring could help control the fracture direction as shown in Fig. 10 . Fig. 11 (a-c) provides further fractographic evidence of the influence of the prescore on the relatively planar and damage-free cuts even with the relatively thick specimens used in this study. An edge-view of the fracture is shown in Fig. 11a with the boundary of the cut and the prescoring surface apparent. To the left of the cut boundary, a number of distinct traits of the process can be observed. The relatively shallow first-layer at the top was formed by the prescoring beam and subsequent resolidification ahead of the main cutting beam and the final fracture that occurred before the end of the prescoring process; while fracture was not avoided, the direction of the fracture path was clearly dictated by the prescore as also shown in Figure 10 .
Moreover, given the evidence of resolidification, it is also reasonable to assume that a majority of the heat from the prescoring beam had been dissipated before the cutting beam came into play.
Hence, the prescore approach appears to be an effective way to maintain planar surfaces when fractures do occur, as well as speed up the overall cutting process.
The microcracks and relatively smooth surface seen in Fig. 11b and 11c also highlights the typical recast-layer formed during the final cutting process. Further evidence of microcracks and dross from the cutting process are shown in Fig. 11d . While these images clearly show that the cut-surface is much smoother than that of the fracture surface, the microcracks have been shown to significantly influence strength 11, 18 . Research is currently being conducted on unique ways to remove and/or heal this type of damage.
Conclusions
The application of a simultaneous dual-beam system to increase machining rates and control fracture was successfully demonstrated on relatively thick Al 2 O 3 plates; by using a customized beam delivery system, a lower-power beam created a leading groove or prescore while a higherpower beam simultaneously cut through the specimens, thus allowing for faster machining without cracks deviating from the cutting path. The research also indicated that the spacing of the two beams can affect the cut quality with premature fractures possible when the spacing was increased. In addition, prescore power-levels and the resulting groove-depths appears to be the key variables controlling the fracture path, as well as the rate at which the thicker ceramics can be machined. While the process must ultimately be optimized for specific lasers, materials, and thicknesses, its potential for faster and damage-free cutting has been demonstrated. Feed-rate(mm/s) 
